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ABSTRACT

An investigation has been performed on the use of low-thermal conductivity, ceramic substrates for
hot films intended to measure skin friction. Hot films were deposited on two types of ceramic substrates.
Four hot films used composite-ceramic substrates with subsurface thermocouples (TCs), and two hot
films were deposited on thin Macor® substrates. All six sensors were tested side by sidein thewall of the
NASA Glenn Research Center 8-ft by 6-ft Supersonic Wind Tunnel (SWT). Data were obtained from
zero flow to Mach 1.98 in air. Control measurements were made with three Preston tubes and two
boundary-layer rakes. The tests were repeated at two different hot film power levels. All hot films and
subsurface TCs functioned throughout the three days of testing. At zero flow, the films on the
high-thermal conductivity Macor® substrates required approximately twice the power as those on the
composite-ceramic substrates. Skin-friction results were consistent with the control measurements.
Estimates of the conduction heat losses were made using the embedded TCs but were hampered by
variability in coating thicknesses and TC locations.

NOMENCLATURE

Acronyms

APSO adjustable-protrusion surface-obstacle

BL boundary layer
HRSI high-temperature reusable surface insulation
NASA National Aeronautics and Space Administration
RCG reaction cured glass
RTD resistance temperature detector
SWT 8-ft by 6-ft Supersonic Wind Tunnel
TC thermocouple
Symbols
A calibration constant slope, (p,,T,, l/3/(I 2R/AT)
B calibration constant offset, (p,,T,, 173
Co specific heat, JkgK
I hot film current, amps
k thermal conductivity, W/mK
R electrical resistance, Q
t time, sec
T temperature, K

thermal diffusivity, m%s



AT temperature difference between film and fluid, K

p density, kg/m?
Ty wall shear stress, N/m?
u dynamic viscosity, kg/ms

perpendicular

Subscripts

f fluid property
S substrate property
w wall property

INTRODUCTION

Measuring skin friction on the surfaces of wind tunnel models, aircraft, watercraft, and other vehicles
is crucia to validating computational fluid dynamics and boundary-layer codes. Skin-friction
measurement is also crucial to characterizing the effectiveness of skin-friction reduction schemes.
Accurate skin-friction measurements are generally more difficult to attain than more fundamental flow
measurements such as pressure and temperature. The available methods of skin-friction measurement
include floating-element gages, 234 total pressure rakes to determine boundary-layer profiles,® Stanton
gages or Preston tubes to measure the difference between total and static pressure at the surface,®” the
observation of oil flow on the surface® and surface-mounted hot films.>1%11 Of these methods,
floating-element gages are the most direct method of measurement, but they still require a static
calibration. All other methods are indirect and require some type of flow calibration or analysis. These
calibrations are usually dependent on flow conditions (that is, Reynolds number, laminar as opposed to
turbulent, subsonic as opposed to supersonic). Supplementary measurements often are required to
determine the flow condition and then determine the calibration to use.

Hot film sensors, consisting of a metallic film on an electrically nonconducting substrate, have been
used to measure skin friction as early as 1931.12 The film is kept at a fixed elevated temperature relative
to that of the local flow, and the required electrical power is measured. The rate of heat transfer to the
flow isrelated to the velocity gradient at the surface, which in turn is related to the skin friction. Because
of their small thermal mass, hot films quickly respond to fluctuations in the local flow and thus are used
to determine flow direction (with multiple hot films) and local flow regime (laminar, transitional, or
turbulent). Fabricating hot film substrates from low-thermal conductivity ceramics serves to decrease
heat conduction to the substrate. Furthermore, the layered nature of the fabrication allows the installation
of thermocouple (TC) junctions underneath the hot film, which can provide additional information on the
conduction hest |oss.

When the hot film is used to measure skin friction, the heat supplied to maintain an elevated
temperature is related to skin friction by a variety of calibrations stemming from both experiment and
analysis. Most are of the following form'3
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(pyt) = A(%?) _B 0

where AT is the temperature difference between the film and the flwd The information available from
the hot film anemometry is the total heat dissipated from the film (I R) This information includes not
only heat transferred directly to the fluid, but also heat conducted to the substrate accounted for by B in
eg. 1. The distance the heat penetrates into the substrate increases with increasing substrate conductivity.
Any substrate will allow some heat to conduct parallel to the surface before it is removed by the fluid,
thus increasing the “effective length” of the hot film in the streamwise direction. The parameter A varies
inversely with the effective length.2* Thus, a hot film substrate with a high-thermal conductivity will
have lower sengitivity (lower A) and a larger conduction heat loss (larger B). All hot film skin-friction
measurements must overcome this complication. The use of a low-thermal conductivity substrate can
reduce B and increase A, making the hot film more sensitive to changesin skin friction.

This research investigates the possible advantages of using low-thermal conductivity ceramics for hot
film substrates. Hot films were deposited on two types of ceramic substrates. The first is a homogeneous
substrate fabricated from Macor® (Corning, Inc., Corning, New York), a commercialy available,
machinable ceramic. The second is a composite-ceramic substrate composed of high-temperature
reusable surface insulation (HRSI), a porous, low-density (p = 352 kg/m3) ceramic, and coated with
reaction cured glass (RCG), a high-density, nonporous glass. The RCG provides a tough exterior, and the
composite nature of the substrate allows for the installation of small TCs under the coating. The TCs are
positioned under the hot film and potentialy can be used to estimate conduction heat loss. The ceramic
substrates will reduce the conduction heat loss, hopefully leading to increased sensitivity and a gage
better suited for measuring changesin skin friction.

A previous report15 documented conjugate heat transfer studies of hot films on composite-ceramic,
Macor®, and quartz substrates. Time step constraints prevented modeling of the high-speed flows seen in
the tunnel experiment described in the succeeding paragraphs; however, the modeling that was done
confirmed the trend toward smaller film effective lengths with decreasing thermal conductivity. The
thermal properties are presented in the next section.

This report presents results from the hot film tests conducted in the NASA Glenn Research Center
(Cleveland, Ohio) 8-ft by 6-ft Supersonic Wind Tunnel (SWT). Data from zero flow to Mach 1.98 in air
were obtained and repeated (for some of the films) at different hot film overheats.

SENSOR DESCRIPTION

The composite-ceramic substrate is a cylinder, 12.70 mm in diameter and 15.88 mm long. Figure 1
shows a cross-sectional view. The RCG coating (approximately 0.127 mm thick) extends over the face of
the cylinder and approximately one-third of the way down the sides, thus providing a surface on which
the metallic hot film can be deposited. Figure 2 shows one of the hot film sensors (designated “CC1”) on
acomposite-ceramic substrate. The sensor is potted into the white Macor® sleeve. The RCG coating is so
thin that the three TC junctions are visible underneath. The hot film runs perpendicular to the lands of the
TCs, and the hot film leads run down the sides of the substrate to the end of the RCG coating. Small gage
wires are attached to the end of the leads with electrically conductive epoxy.
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On one of the composite-ceramic sensors (designated “CC2"), the hot film was deposited parallel to
the TCs and directly over the center TC. Because the hot film is positioned over the entire land of the
center TC, conduction heat loss down the leads of the TC is minimized and offers an interesting
comparison with the TCs that are oriented perpendicular to the films. For al of the composite-ceramic
substrates, the RCG coating (and thus, the hot film leads) terminate about one-third of the way down the
side of the cylinder, and wires must be routed up between the Macor® sleeve and the substrate. This
arrangement leaves a small gap that must be filled prior to testing (fig. 2).

Figure 3 shows a cross section of the Macor® hot film substrate. The additional strength and
machinability of the Macor® allow the substrate to be hollowed out, limiti ng the conduction path away
from the surface. For all of the Macor® substrates, the hot film leads were deposited all the way down the
sides of the cylinders. A shorter sleeve is then used, leaving the leads exposed and allowing the wire
connections to be made “out in the open,” thus eliminating the sleeve-substrate gap. Unlike the
composite-ceramic substrates, no filler was required for the all-Macor® sensors (fig. 4).

Table 1 compares the thermal properties of the substrate materials in which the significantly lower
thermal conductivity, k, of the HRSI ceramic (the primary constituent of the composite-ceramic
substrate) is evident. Fluid-substrate material property ratios, important parameters in conjugate heat
transfer problems,® are also provided.

Table 1. Substrate material properties and air/substrate material property
ratios (300 K, 1 atm).

Property HRSI RCG Macor® Quartz Air
P 352 1666 2516 2650 1177
Cp 712 852 796 815 1005
k 0.081 0.917 1.39 9 0.0267
as/ g 69.8 34.9 32.5 54
K¢/ Kg 0.329 0.029 0.019 0.003

The hot film and leads are deposited using organo-metallics, which are essentialy heavy metals in
solution with organic solvents. Both the hot film and leads are a gold aloy. The surface of the Macor®
substrate is smooth enough that photolithography techniques can be employed. The surface of the
composite-ceramic substrate isirregular enough that the film and leads had to be painted on using carbon
fiber brushes. After the organo-metallics are applied, the substrates are heated to dissipate the organics,
leaving only the metal. The gold leads are relatively wide (approximately 4.76 mm or 3/16 in.) and
neck-down to the film, which is approximately 0.16 mm (0.006 in.) wide. Most of the electrical
resistance is in the film, similar to the filament of alight bulb. Optically measured film dimensions are
listed in table 2. Films with composite-ceramic substrates are designated “CC1-4,” and the all-Macor®
sensors are designated “M 1-2.”
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Table 2. Hot film dimensions (in mm or sg. mm) and nominal resistances (Ohms).

Sensor Width Length Area Resistance TC Configuration
CC1 0.16 6.35 1.016 26.2 Perpendicular
CcC2 0.16 5.92 0.947 10.38 Parallel
CC3 0.152 5.84 0.8877 10.89 Perpendicular
CC4 0.17 6.02 1.0234 9.98 Perpendicular
M1 0.091 6.35 0.578 374 N/A
M2 0.11 6.02 0.662 28.07 N/A

All six hot film sensors were heated with temperature-compensated, constant temperature
anemometers.}’ These anemometers work like standard constant temperature anemometers but use a
temperature feedback to adjust the film temperature should ambient conditions change. In this case, the
anemometers operate more like constant-overheat anemometers. The following modifications were made
to the anemometers to meet the specific requirements of this experiment:

1. The voltage at the hot film was measured, in addition to the standard anemometer bridge voltage
output, to derive the temperature of the hot film and the power dissipated.

2. Bridge ratios ranging from 9 to 16 (higher than the standard ratio of 5) were used to reduce
self-heating errors in the platinum ambient-temperature-sensing resistance temperature detectors
(RTDs).

TUNNEL DESCRIPTION

Soeder!8 describes the NASA Glenn SWT complex. The SWT is an atmospheric tunnel capable of
Mach numbers from 0.0 to 0.1, and from 0.25 to 2.0. It can be run in an open-loop mode for propulsion
tests, or, asin the case of these experiments, in a closed-loop, aerodynamic mode. Hydraulically actuated,
flexible nozzle walls along with three 29,000-hp (21,625 kW) electric motors control the test section
Mach number. The upstream portion (approximately 3 m) of the test section has solid walls for
supersonic testing, and the aft portion (approximately 4.4 m) has porous walls that absorb shocks for
transonic testing. An activated alumina pebble bed can provide about 1000 kg/sec of dried atmospheric
air for approximately one hour.

EXPERIMENT DESCRIPTION

The hot film experiment “piggybacked” on a standard tunnel calibration test alongside an
adjustable-protrusion surface-obstacle (APSO) skin-friction vector gage19 and various sensors used to
obtain control measurements. The tunnel calibration consists of measuring surface pressures on a
nonmoving, sting-mounted cone while the tunnel is run throughout the Mach range. The hot films, APSO
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gage, and control sensors were mounted on a flush, 76.2-cm by 30.5-cm panel well upstream of the
calibration cone and sting. Flow over the test panel was always turbulent. Results from the APSO gage
arereported in ref. 19.

Figure 5a shows a diagram of the sensor locations on the panel. The figure also depicts the hot film
and TC orientation, in addition to the relative position of the sensors. The hot films, which are always
perpendicular to the flow direction, are drawn as heavy lines on the faces of the substrates. The thinner
lines are the subsurface TCs. For hot film CC2, Tiq,e and T are the temperatures from the upstream and
downstream TCs, respectively. For hot films CC1, CC3, and CCA4, T and Ty are defined as such
while looking into the flow direction.

+ Flow direction

Ol A=19.05 mm 1O
B = 311.15mm Plate static #3 h
Static
A cec3 pressure
B 505, B
io ccacct Wwall H
temperature
ol 10 A ..OVWlo
H RTD's |, [:] ,| RTD's
Small rake footprint
Preston tube!
—Preston #2
Ol= B > O

030031

() Instrumentation layout.

Figure 5. Sensor panel.

Figure 5b shows the panel with the straight rake installed. The hot film substrates occupy 15.88 mm
holes centered 19.05 mm apart. The hot film substrates are centered about the plate centerline with the
two all-Macor® sensors at the interior positions. Sensor CC2, the composite-ceramic sensor with the TCs
aligned with the hot film (perpendicular to the flow), occupies the left-most position. The APSO gage
(shown partialy deployed in figure 5b) is on the left flank. The boundary-layer rake is mounted on the
plate centerline aft of the row of hot films, but the approach from upstream is unobstructed. Outboard and
aft of the hot film row are two alumina substrates, which support the RTDs that provide temperature
feedback for the anemometers. The two most outboard positions are occupied by two Preston tubes. A
third Preston tube is located aft of the APSO gage and gives valid results only when the APSO gage is
flush.
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(b) Sensor suite with large rake.

Figure 5. Concluded.

Two boundary-layer rakes were used for the tests. The first was a curved rake designed for a high
density of measurements near the surface and originally calibrated in this tunnel 20 This rake, however,
was not tall enough to span the entire boundary layer, so the curved rake was replaced by ataller, straight
rake (shown in figure 5b), and testing was repeated the following day. The method was the same as the
method?° used for the original curved rake calibration.

Various auxiliary measurements were made, including two wall temperatures (figs. 5a and 5b), three
static pressures (fig. 5a), and several static pressures on the tunnel walls away from the panel. The wall
temperature sensors consisted of bulb TCs potted in epoxy, and the epoxy and TCs were sanded flat with
the wall. The result was a flush installation with the bare metal of the TCs exposed to the flow.

One tunnel run was made each evening from December 4 to December 6, 2001. A tunnel run
consisted of running at Mach 0.5 for a short period of time, proceeding to maximum Mach, and then
stepping down to zero in approximately 0.1 Mach steps. After the tunnel stabilized at each desired Mach
number, the APSO gage was deployed and retracted over severa minutes. During this time, hot film
voltages and subsurface TC data were recorded at 5 samples per sec. Tunnel wall static pressures, plate
static pressures, rake pressures, Preston tube pressures, and wall temperatures were recorded by the SWT
“ESCORT” data system.1® All data presented are from the December 5 and 6 runs.

RESULTSAND DATA ANALYSIS

Between the December 5 and 6 runs, the anemometry circuits, designed for much smaller films, were
exceeding the current limits of the amplifiers. To get response out to higher Mach numbers, the overheat
was lowered on sensors CC2 through CC4 by approximately one-third (from the 90-100 °C range to the
60-70 °C range). Not enough hardware was available to reduce the overheat of the remaining sensors.

Tables 3aand 3b show selected zero-flow results from the December 5 and 6 runs, respectively. The
roughly 5-percent drop in overheat ratio reduces zero-flow power consumption by approximately
one-third. Film temperatures drop by about 33 °C. In the case of the subsurface TCs that are oriented
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perpendicular to the films (CC1, CC3, and CCA4), T.enter IS @Ways higher as expected, because the films
are losing heat through the film leads. In the case of CC2 where the center TC is aligned under the film,
Teenter IS much higher than those of the other films, even though the film temperatures are comparable (at
the same overheat). The higher temperature indicates that for the perpendicular TCs, heat is also being
lost through the TC leads, resulting in alower indicated temperature. The T;q,e and T4 0N Sensor CC2 are
not under any part of the film, yet they are about 30 °C warmer than ambient (at the higher overheat).
Table 3b shows that the power dissipated from sensor M1 also changed from the 5th of December to the
6th. The reason for this change is not understood. The overheat was not changed, so the power dissipated
should not have changed either. The T ppient Was approximately 25 °C on December 5 and approximately
22 °C on December 6.

Table 3a. Zero-flow hot film temperatures, December 5 run. Temperaturesin °C.

CC1 cCc2 CC3 CC4 M1 M2
Power, W 0.18 0.3 0.24 0.22 0.61 0.56
Tsiim 118 128 125 121 126 120
Teft 62 79 63
Teenter 77 106 81 79
Tright 63 73 76
Ttore 54
Tt 58

Table 3b. Zero-flow hot film temperatures, December 6 run. Temperaturesin °C.

cc1 cc2 CC3* cca* M1 M2
Power, W 0.18 0.2 0.17 0.15 0.47 0.55
Teiim 117 94 92 89 125 116
Tiett 61 64 52
Teenter 75 79 64 52
Tright 62 59 59
Ttore 46
Tt 47

*Qverheat reduced from approximately 1.22 to approximately 1.16 from December 5.
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Figures 6, 7, and 8 show relevant tunnel parameters as afunction of time for the December 6 run. The
tunnel was operating for approximately 3 hours and 45 minutes. Tunnel data were not recorded between
steady-state Mach numbers, resulting in gaps in the time histories (figs. 6-9). The data has been
considerably thinned to distinguish the symbols. Hot film parameters were recorded continuously.
Tunnel wall temperature peaked just over 60 °C at the maximum Mach number of just under 2. Tunnel
total temperature peaked at about 85 °C and managed to achieve near-steady-state conditions at each test
point, whereas wall temperature was usually changing throughout the test points. Density decreases with
increasing Mach number down to about 20 percent of atmospheric density (fig. 8). The density is
calculated based on wall temperature and boundary layer (BL) edge pressure.
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Figure 6. Tunnel and BL edge Mach numbers.
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Figure 7. Tunnel total and wall temperatures.
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Figure 9. Preston tube skin frictions.

Preston tube data were reduced using the Allen® correction to the method of Bradshaw and
Unsworth.?! This method used TC #2 for wall temperature and BL edge pressure for the reference
pressure. The resulting skin frictions are plotted in figure 9. Using the same approach, reference 20 found
Preston tube skin-friction measurements to be within £5 percent of theory.

Preston tube 3 is located downstream of the APSO gage, so when the APSO is deployed during the
test point, data from this Preston tube should be disregarded. Preston tube 1 is located to the left of the
APSO (fig. 5a) and generally gives lower skin-friction values than does Preston tube 2, located on the
cleaner right side of the panel. Data from Preston tube 2 are used as calibration points for the hot films.
Note that maximum skin friction is exerted on the panel at Mach 1.77, not at Mach 1.98, because density
decreases with increasing Mach number in the SWT.

All hot film data were calibrated to Preston tube 2, but different Mach points were chosen for various
films, because some films were saturated at the higher values of (p T ) 3(CC2infigure11 and M2in
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figure 15). Hot films CC1 and CC3 both were calibrated at Mach 0.9 and 0.25; CC2 and M2 both were
calibrated at Mach 1.8 and 0.25; and CC4 and M1 both were calibrated at Mach 0.4 and 0.25. Slopes and
offsets (A and B for eg. 1) were calculated, and the results are compared in figures 10-15. The points used
in these figures are averages from 40 sec of data taken during the middle of each test point.
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Figure 10. Hot films CC1, CC2, and Preston
tube 2 skin frictions.
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Figure 15. Hot films M1, M2, and Preston tube 2
skin-friction density products.

Hot film CC1 shows good agreement at subsonic Mach numbers (t>8,000 sec and t=2,000 sec) but
overpredicts skin friction at supersonic Mach numbers. Hot film CC1 overpredicts by about
14-19 percent. Hot film CC2 matches well at low Mach numbers (t>12,000 sec) and matches better than
CC1 at higher Mach numbers, but the current amplifier is saturated (fig. 11) at the high values of
(pwT W)”3. Hot films CC3 and CC4, located on the right side of the panel opposite the APSO, agree
much better with the Preston tube at all the test points. Both CC3 and CC4 are within about 2.5 percent at
supersonic Mach numbers and are usually closer elsewhere. Recall that the overheats on films CC2, CC3,
and CC4 were lowered after the film amplifiers were believed to be saturating at the high values of
(pwT W)ll?’, but figure 11 shows that CC2 is still saturating. Although less than perfect at the two highest
Mach numbers, CC1 does not appear saturated and still follows the trends observed in Preston tube 2.

The films with Macor® substrates, M1 and M2, located opposite the centerline on each side of the
rake, also match the Preston tube well at low subsonic points (t>12,000 sec). Hot film M2, however, was
saturated at the high values of (p,t W)l/3 (fig. 15). Hot film M1 underpredicts skin friction at supersonic
Mach numbers, while M2 is closer.

Because the slope, A, in eq. 1 is inversely proportional to film area,'® and the hot films tested here
have different dimensions (table 2), A has to be normalized by film area prior to comparison. Table 4
shows the calibration constants multiplied by film area, offsets, and the non-normalized calibration
constants. The calibration constants for all the films were calculated using the test points from Preston
tube 2 noted previously. Note that the offsets (B in eg. 1) are larger for the high-thermal conductivity
Macor® substrates, as expected.

15



Table 4. Hot film slopes and offsets.

CC1 CC2 CC3 CC4 M1 M2
Slope, A 1431 826 1082 1046 1562 1230
AX area 1454 782 961 1071 903 814
Offset, B 3.028 2.639 3.047 2.599 7.494 7.347

Recall that hot films CC2, CC3, and CC4 were also running at a lower overheat (approximately 1.16
as opposed to 1.22), so one would expect CC1 to have a higher normalized sensitivity. Note that M1 and
M2, in spite of operating at the higher overheat, have alower normalized sensitivity than all of the films
except for CC2. Unfortunately, manufacturing tolerances and differing overheats preclude getting the
films on equal footing with respect to al variables, so direct comparisons are difficult to attain.

Figures 16-19 show the temperature time histories from the subsurface TCsin sensors CC1 through
CCA4. The data has been considerably thinned to distinguish the symbols. The temperature differences
remain largely constant throughout the test. Because heat is conducted laterally from the films to the
relatively cool |eads, one would expect the outboard TCs to measure a lower temperature. Hot film CC1
(fig. 16) behaves as expected with the center TC remaining warmer throughout the test. The middle TC of
CC2, digned with the hot film, is generally about 15-20 °C higher than the middle TCs of the other
composite-ceramic sensors, including CC1, even though CC1 operated at a higher overheat. The aft TC,
downstream of the heat source, remains warmer than the upstream (“fore”) TC (fig. 17).
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Figure 16. Hot film CCl1 subsurface
temperatures.
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The middle TC temperature of CC3 is approximately equal to, yet lower than, the right and left TC
temperatures, which probably reflects a nonuniform RCG coating thickness. Likewise, the right TC of
CC4 is the warmest of the CC4 TCs throughout the test, indicating that the right TC is under a thinner
RCG coating. Variations in coating thicknesses and uncertainties in the precise locations of the TC
junctions create difficulty in estimating the conduction heat loss component for these particular
prototypes. Nevertheless, improvements in packaging and coating control offer promise in this regard.

The higher temperature measured by the middle TC of CC2, relative to the middle TCs of the other
composite-ceramic sensors, indicates that heat is being conducted away from the films through the TC
wire, particularly in the case of CC1, CC3, and CC4 where the TC wire is perpendicular to the films.
These additional conduction paths raise the issue of whether or not the presence of the TCsis helping to
thwart the advantage of the low-thermal conductivity substrates. Testing another composite-ceramic hot
film without subsurface TCsinstalled would have been enlightening, but none was fabricated for thistest.

CONCLUSIONS

Four novel hot films on low-thermal conductivity ceramic substrates with subsurface TCs, along with
two hot films on machinable ceramic substrates, were fabricated and tested in a supersonic wind tunnel.
Skin-friction results from two of the hot films on low-thermal conductivity substrates matched the control
measurement, from Mach 0.25 to nearly Mach 2, to within 3 percent. For the other two hot films on
low-thermal conductivity substrates, packaging and tunnel integration shortcomings might have led to
large discrepancies at supersonic Mach numbers; however, these sensors matched the control
measurement better at subsonic points than at supersonic points. The hot films on low-thermal
conductivity substrates showed lower zero-flow heat losses and offsets than those of the hot films on
machinable ceramic substrates. The subsurface TCs in the low-thermal conductivity substrates were
installed to estimate the conduction heat loss from the films. While the results are intriguing, coating
tolerance and TC position uncertainties prevented conduction estimates from these prototypes.
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